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FOREWORD 
T h i s  i s  the f i r s t  o f  a two-volume r e p o r t  on the COHORT ( C a l -  
c u l a t i o n  of Heating o r  fiadiation Transport)  codes. The work was 
performed a t  the General Dynamics/Fort Worth Nuclear Aerospace 
Research F a c i l i t y  (NARF), under Contract  NAS8-5182 w i t h  the N a -  
tional Aeronautics ana Space Administration, George C, Marshall 
Space F l i g h t  Center, Huntsville, Alabama. The work cons is ted  of 
t h e  checkout of seven Monte Carlo codes developed under a previous 
c o n t r a c t  (NAS~-1573) 
This volume o f  t he  r e p o r t  conta ins  comparisons of t h e  COHORT 
data w i t h  o t h e r  c a l c u l a t i o n a l  and experimental  data. The second 
volume g ives  l i s t i n g s  of the FORTRAN statements  f o r  the  seven 
codes, t h e  input-data  formats, and i n s t r u c t i o n s  f o r  u t i l i z i n g  t h e  
codes 
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ABSTRACT 
A Monte Carlo procedure f o r  t h e  IBM-7090 d i g i t a l  computer 
has  been developed t o  pe r fo rm c a l c u l a t i o n s  of the r a d i a t i o n  
h e a t i n g  i n  p rope l l an t  tanks and the r a d i a t i o n  environment about 
a nuc lea r  rocket  s t a g e .  
These codes generate  primary-source-particle parameters, neutron 
and gamma-ray h i s t o r i e s ,  and secondary-gamma-ray source param- 
e t e r s ,  
p a r t i c u l a r  q u a n t i t i e s  desired as  answers t o  a given problem may 
be determined e 
The procedure is. made up of seven codes. 
The codes w i l l  a l s o  analyze the h i s t o r y  da ta  so  t h a t  t h e  
The r e s u l t s  from the Monte Carlo codes are compared w i t h  
o t h e r  c a l c u l a t i o n s  of the  heat depos i t ion  i n  l i q u i d  hydrogen 
and w i t h  c a l c u l a t i o n s  and measurements of t he  angular  d i s t r i -  
bu t ion  of a f a s t -neu t ron  dose  ra te  t ransmi t ted  through a 9-inch 
polyethylene slab. 
t h e  c ross -sec t ion  d a t a  gathered i n  p repa ra t ion  f o r  a f l ux  leak- 
age c a l c u l a t i o n  from a NERVA-type engine,  
Information reported inc ludes  sources  of 
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I , INTRODUCTION 
I 
The proposed use of  a cryogenic l i q u i d  a s  a propuls ion 
agent  f o r  a nuc lear  rocket  system has emphasized the need f o r  
more re f ined  methods of c a l c u l a t i n g  r a d i a t i o n  t r a n s p o r t  and 
nuc lea r  energy deposi t ions.  
fue l  may pose a serious problem because of t h e  i nc rease  i n  
vapor pressure  a s soc ia t ed  with t h e  r ise  i n  temperature e f -  
f e c t e d  by the  deposi ted energy, 
tanks,  of course, could l essen  t h e  amount of energy deposi ted 
i n  the fuel  through a reduct ion i n  the i n t e n s i t y  of r a d i a t i o n  
i n c i d e n t  upon the  tank. However, the a d d i t i o n  of s h i e l d i n g  
m a t e r i a l s  t o  a rocket  system i s  undes i rab le  because of t h e  
weight added to the system. 
a l s  t o  reduce the  neutron f l u x  i n c i d e n t  uFon t h e  p rope l l an t  tank 
may a l s o  r e s u l t  i n  an increase  i n  the gamma-ray f lux  due t o  cap- 
t u r e  and i n e l a s t i c  gamma r a y s  produced i n  the sh ie ld .  
become important,  theref ore, t h a t  r igorous  methods of ana lyz ing  
a l l  phases of r a d i a t i o n  t r a n s p o r t  and energy depos i t i on  f o r  
complex rocket  geometries be developed. 
Nuclear hea t ing  i n  cryogenic 
Shie ld ing  of t h e  p rope l l an t  
The a d d i t i o n  of s h i e l d i n g  mater i -  
It has 
A set of seven IBM-7090 machine codes has been developed 
f o r  t h e  a n a l y s i s  of r a d i a t i o n  t r a n s p o r t  w i th in  complex geome- 
t r ies ,  such a s  those t h a t  may be encountered i n  a s tudy of 
nuc lea r  rocketry,  and for t h e  c a l c u l a t i o n  of nuc lear  energy 
depos i t i ons  i n  f u e l  and i n  s t r u c t u r a l  and s h i e l d  m a t e r i a l s ,  
1 
These codes, developed a t  General Dynamics/Fort Worth, are 
I '  
referred t o  c o l l e c t i v e l y  a s  t h e  COHORT (Calcu la t ion  O f  Heat- 
i n g  Or Radiat ion Transport)  procedure, They are app l i cab le  
t o  more than :ust nuc lea r  rocket c a l c u l a t i o n s  and may prove 
t o  be of value i n  many o the r  areas of r a d i a t i o n  t r a n s p o r t  
studies. 
The COHORT procedure c m e i s t e  sf seven ccdes: (1) the 
Primary-Source Generat '  c.? Code, ( 2 )  the  History-Generator Code, 
(3 )  the Tape-Sort Code, (4)  the Analysis Code " A O l , "  (5)  t h e  
Analysis Code " A 0 2 , "  ( 6 )  the  Secondary-Source-Generation Code, 
and ( 7 )  the Tape-Read Code. I n s t r u c t i o n s  f o r  u s ing  each of 
these  codes a r e  given i n  Volume I1 of t h i s  r e p o r t ,  
The development of t h e  COHORT codes began under a previous 
c o n t r a c t  and a report ( R e f .  1) w r i t t e n  a t  the completion of 
tha t  c o n t r a c t  desc r ibes  i n  d e t a i l  much of t h e  mechanics of 
the va r ious  c a l c u l a t i o n s  performed by t h e  codes. Volume I1 
of t h i s  r epor t  i s  essentially an updat ing and reorganiza t ion  
of information contained i n  Reference 1. Severa l  changes were 
made i n  the  codes during the checkout phase, some o f  which 
e f f e c t  a change i n  the formulae and woiding of Reference 1, 
Most of the changes made were simply c o r r e c t i o n  of errors 
found i n  the FORTRAN statements,  but i n  a f e w  i n s t a n c e s  changes 
were made i n  the  o r i g i n a l  concepts. These changes were made 
e i t h e r  t o  s impl i fy  the mechanics of the codes, t o  s u b s t i t u t e  
what was f e l t  t o  be a more desirable  approach, o r  t o  make t h e  
codes compatible w i t h  one another,  Volume 11, then, should be 
Considered a replacement f o r  t h e  former r e p o r t  (Ref , 1) since 3 
2 
any changes made i n  the  codes t h a t  a f f e c t  t h e  formulae o r  word- 
??; ; I?  Reference 1 are corrected i n  Volume 11. 
The f irst  volume of t h i s  r epor t  p e r t a i n s  t o  c a l c u l a t i o n s  
per fomed using t h e  COHOF-T codes , 
for the most p a r t ,  t o  generate r e s u l t s  t o  compare w i t h  those by 
o t h e r  c a l c u l a t i o n a l  models and thus t o  v a l i d a t e  tk? COBORT codes. 
ALCC of the t e s t  pmblerns involve energy depos i t i on  i n  l iqu id  
hydrogen, s i n c e  t h i s  i s  the  cryogenic l iquid c u r r e n t l y  advanced 
a s  t h e  propuls ion agent  for nuclear-powered rockets .  
problems involved a c a l c u l a t i o n  of the flux d i s t r i b u t i o n  wi th in  
a 9-lnruh polyethylene slab and of t he  angular  d i s t r i b u t i o n  of the  
dose rates leaking  from t he  slab, 
cause of the good experimental and a n a l y t i c a l  data a v a i l a b l e  f o r  
comparison. Because t h e  codes t reat  s c a t t e r i n g  w i t h  hydrogen i n  
a s p e c i a l  manner, i t  w a s  a l s o  d e s i r a b l e  t o  have comparisons of 
c a l c u l a t i o n s  involv ing  ma te r i a l s  o t h e r  than hydrogen. 
These c a l c u l a t i o n s  were made, 
m -..- 
Other t e s t  
These problems were run be- 
A planned a n a l y s i s  of r a d i a t i o n  leakages from a complex 
geometry desc r ib ing  a nuclear  rocke t  engine was not  poss ib le ,  
because of the delay encountered i n  checking out  the  COHORT 
codes. Cross s e c t i o n s  and m u l a t i v e  p r o b a b i l i t y  t a b l e s  versus  
s c a t t e r i n g  ang le s  were compiled f o r  e i g h t  elements, and a geome- 
try similar t o  t h e  c a l c u l a t i o n a l  model f o r  the NERVA engine ( R e f ,  
2 )  was descr ibed.  
leakages from a NERVA-type engine. 
e f f o r t  were not  analyzed i n  t i m e  f o r  i n c l u s i o n  i n  t h i s  r epor t ,  
Jq ?,-+ 2 that  has  been completed i s  repor ted  i n  Sec t ion  111. 
An e f f o r t  has been made t o  c a l c u l a t e  t h e  f lux  
Although t h e  r e s u l t s  of t h i s  
3 
IIo COMPARISONS OF RESULTS 'W'lTH OTHER DATA 
2.1 Znergy Deposition i n  L i q u i d  Hydrogen 
Calcula t ions  of t h e  heat ing r a t e s  produced i n  l i q u i d  hydro- 
gen by both neutron and gamma r a d i a t i o n  were made i n  o rde r  t o  
check the a b i l i t y  of t h e  COHORT procedure t o  p r e d i c t  energy 
depositions, The h e a t  deposition ra te s  i n  iiquid hydrogen c a l -  
cu la ted  by Burre11 { R e f .  3) were chosen f o r  a s tandard of compari- 
son,, B u r r e l l  has ca lcu la ted  w i t h  a Monte Carlo model t h e  heat 
depos i t i on  i n  liquid-hydrogen slabs and cy l inders .  For t h e  slab 
geometries,  plane,parallel-beam,monoenergeti~ neutron and gamma- 
r ay  sources  inc iden t  a t  d i f f e r e n  angles  t o  the s l a b  f a c e  were 
considered,, One of t he  q u a n t i t i e s  he ca l cu la t ed  was t h e  hea t  
depos i t i on  a s  a func t ion  of dep th  i n t o  the  liqu.i?-hydrogen s l a b  
f o r  each energy and each inc iden t  angle. 
Figure 1 shows the comparison of t he  hea t  depos i t i ons  shown 
i n  Reference 3 and those determined w i t h  t h e  COHORT codes f o r  a 
7-Mev neutron source inc ident  normal t o  a slab face .  The agree- 
ment between t h e  two sets of data i s  very good f o r  a l l  but the 
f i r s t  few inches i n  t h e  s lab.  T h i s  p a r t i c u l a r  problem w a s  run 
s e v e r a l  times on the COHORT codes by varying t h e  number of h i s -  
t o r i e s  o r  the a p p l i c a t i o n  of the exponent ia l  t ransformat ion  on 
each run, The hea t  deposi t ion i n  the first 5-10 inches  of l i q u i d  
hydrogen was c o n s i s t e n t l y  higher than tha t  reported i n  Reference 
3. Although t h e  disagreement i n  the  hea t  deposi t icn for these 
f i rs t  f e w  inches  of l i q u i d  hydrogen i s  not s u f f i c i e n t  i n  magni- 
tude t o  i n d i c a t e  any e r r o r s  i n  t h e  COHORT c a l c u l a t i o n s ,  there 
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Figure I .  Neutron Heat Deposition versus Depth in Liquid-Hydrogen 
Slab f r o m  a 7-Mev Plane Source - Neutrons incident Normal 
to Slab Surface 
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were some s l i g h t  d i f f e rences  i n  t h e  two ca l cu la t ions .  
a s  can be determined, t he  geometry and c ross  s e c t i o n s  f o r  the 
two c a l c u l a t i o n s  were t h e  same; t h e  COHORT r e s u l t s  a r e  based 
upon 4200 h i s t o r i e s  while  the r e s u l t s  of Reference 3 were based 
on 5000 o r  more h i s t o r i e s ,  
terminated when the  energy dropped below 0.1 MeV;  Reference 3 
r e s u l t s  were obtaineu f o r  energ ies  down t o  1 ev. Tinere w a s  a l s o  
a d i f f e r e n c e  i n  the  a p p l i c a t i o n  of the exponent ia l  t ransformation.  
I n  Reference 3, t h e  exponent ia l  t ransformation was appl ied  only 
t o  the  f i rs t  pa th  lengths ;  i n  add i t ion ,  a b i a s i n g  technique was 
app l i ed  t o  f i r s t  pa th  lmgths  t o  f o r c e  a c o l l i s i o n  wi th in  the 
s l a b ,  The COHORT codes apply t h e  same exponent ia l  transforma- 
t i o n  t o  a l l  pa th  lengths  and does not  r equ i r e  that  a f i rs t  co l -  
l i s i o n  occur i n  t h e  s l a b .  
A s  w e l l  
I n  the COHORT problem, h i s t o r i e s  were 
Figure 2 shows t h e  comparison of the c a l c u l a t i o n s  of the 
hea t  deposi ted by 8-Mev gamma rays  i n c i d e n t  normal t o  a l i q u i d -  
hydrogen s l ab .  Again, the comparison i s  w i t h  da ta  ca l cu la t ed  
by B u r r e l l .  However, s ince  the  COHORT resul ts  a r e  based upon 
only 1400 h i s t o r i e s ,  disagreement among the  data i s  probably 
no t  a s  s e r i o u s  as Figure 2 would i n d i c a t e .  I n  f a c t ,  t h e  da t a  
agree very w e l l  when the f a c t  t ha t  the COHORT results a r e  based 
upon only 1400 h i s t o r i e s  i s  considered. The s l a b  th ickness  f o r  
t h e  COHORT c a l c u l a t i o n  was 76 fee t ,  wh i l e  t h a t  for the  Reference 
3 c a l c u l a t i o n  w a s  l a t e r  determined t o  be  a t  l e a s t  98 f e e t ,  T h i s  
may expla in  i n  par t  t he  reason for t h e  lower p r e d i c t i o n  by the 
COHORT codes a t  l a r g e  depths i n t o  the s l ab .  A por t ion  of t h a t  
flux l eak ing  through t h e  76-foot s l a b  should have been s c a t t e r e d  
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I .  
back and would have deposited more energy a t  the  l a r g e r  d e p t h s  i f  
I I  t h e  s l a b  had been th i cke r .  Gamma-ray c ross  secti-ons were t h e  same 
f o r  both c a l c u l a t i o n s ,  However, there was a s l i g h t  d i f f e r e n c e  i n  
the a p p l i c a t i o n  of the exponent ia l  transformation. I n  the COHORT 
ca l cu la t ion ,  path l eng ths  were s t r e t ched  t o  twice the i r  normal 
lengths ,  and i t  i s  assumed tha t  no b i a s i n g  was used i n  the Reference 
3 C 2 l C G b t i Q f i S ,  
The two c a l c u l a t i o n s  f o r  t h e  neutron and gamma-ray energy 
depos i t i ons  should i n d i c a t e  the d i f f e r e n c e  i n  the t r a n s p o r t  of 
neutrons and gamma rays through l i q u i d  hydrogen, 
The t h i r d  comparison made w i t h  da t a  repor ted  i n  Reference 3 
was f o r  heat d e p o s i t i o n i n  a 30-foot-diameter liquid-hydrogen 
c y l i n d e r  due t o  a 3-Mev point  i s o t r o p i c  source loca ted  on the 
c y l i n d e r  c e n t e r l i n e  11.25 f e e t  from t h e  face of the cy l inde r  
(F ig ,  3) .  The cy l inde r  was divided i n t o  c i r c u l a r  d i sks  two 
inches  t h i c k  and then each d i s k  was divided i n t o  t e n  annular  
r i n g s  of equal  volume. 
regions was ca lcu la ted  w i t h  t he  COHORT code and compared w i t h  
t h e  da ta  i n  Reference 3. 
The hea t  deposi ted i n  t h e  f i r s t  40 
There were 2800 h i s t o r i e s  run w i t h  
t h e  COHORT code, and the  r e s u l t  based upon t h a t  number of h i s -  
t o r i e s  agree  reasonably well  w i t h  the  da t a  i n  Reference 3. The 
COHORT p o i n t s  appear  t o  be s l i g h t l y  more e r r a t i c  than those shown 
i n  t h e  Figure 17 of Reference 3. T h i s  i s  probably due t o  t h e  
fewer number of h i s t o r i e s  run. It may be noted t h a t  t h e  heat 
depos i t i on  was not  ca lcu la ted  f o r  as  many volumes w i t h  t he  COHORT 
codes as  i t  w 8 s  i n  Reference 3. T h i s  w a s  due t o  the l i m i t a t i o n  
of t h e  COHORT codes t o  50 regions. 
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The t h r e e  comparisons of t he  hea t  depos i t ions  i n  l i q u i d  
hydrogen were obtained without no-rmalizing t h e  COHORT r e s u l t s  
and do i n d i c a t e  t h a t  t h e  code 's  a b i l i t y  t o  determine heat  depo- 
s i t i o n s  i s  f a i r l y  r e l i a b l e .  
2.2 Comparison of Angular D i s t r i b u t i o n  of Dose Rates Leaking 
Through a Nine-Inch Polyethylene Slab 
Since t h e  COHORT procedure t r e a t s  s c a t t e r i n g  w i t h  hydrogen 
i n  s p e c i a l  rou t ines ,  comparisons w i t h  r a d i a t i o n  t r a n s p o r t  ca l -  
c u l a t i o n s  through a polyethylene s l a b  were made t o  check out  .the 
o t h e r  s c a t t e r i n g  rout ines .  
combination was chosen because of t h e  a v a i l a b i l i t y  of experimental 
T h i s  p a r t i c u l a r  geometry and ma te r i a l  
and a n a l y t i c a l  da ta .  
I n  the Angular and Energy D i s t r i b u t i o n  Experiment r ecen t ly  
conducted a t  the Nuclear Aerospace Research F a c i l i t y  ( R e f .  4), 
measurements were taken of (1) the fas t -neut ron  f l u x  d i s t r i b u t i o n  
i n  a 9-inch polyethylene s lab,  ( 2 )  t h e  t o t a l  fas t -neut ron  leakage 
from the  s l ab ,  and ' (3)  the dose r a t e  a s  a func t ion  of p o l a r  angle  
on an a r c  192 inches from the slab center .  Calcu la t ions  t o  v e r i f y  
t h e  experimental  da ta  were made w i t h  GD/FW's Monte Car lo  s l a b  
pene t r a t ion  code C-18 (Ref. 5 ) .  
Preliminary requirements of t h e  experimental  geometry (Fig.  
were that an  i n f i n i t e - s l a b  condi t ion  be .closely approximated 4 )  
and t h a t  r a d i a t i o n  f l u x e s  of s u f f i c i e n t  i n t e n s i t y  t o  ob ta in  re- 
l i a b l e  da ta  be a v a i l a b l e .  
Following a series of prel iminary i n v e s t i g a t i o n s ,  i t  was 
determined t h a t  t he  experimental arrangement shown i n  Figure 4 
would provide a s a t i s f a c t o r y  narrow-beam geometry i n  t h a t  a n  
10 
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i n f i n i t e - s l a b  condi t ion  could be c l o s e l y  approximated. A map of 
the dose r a t e s  leak ing  through t h e  s l a b  showed t h e  d i s t r i b u t i o n  
t o  be h igh ly  peaked opposite t he  co l l imator  and t o  be neg l ig ib l e ,  
a t  the  ou te r  ex t r emi t i e s  of the slab. Furthermore, t h e  dimensions 
of the slab and t h e  de tec tor -s lab  sepa ra t ion  d i s t ances  were such 
t h a t  the d e t e c t o r  " s a w "  that dose rate leaking  from t h e  slab as 
2 m i n g  from oiie poifi t .  
Ca lcu la t ions  were performed w i t h  t h e  COHORT codes (1) t o  ob- 
t a i n  t h e  d i s t r i b u t i o n  of the f lux  above 2.9 Mev i n  t h e  slab and 
(2) t o  p r e d i c t  t h e  angular  d i s t r i b u t i o n  of the dose ra tes  emit ted 
from the  slab. Figure 5 shows the  comparison of the  COHORT calcu- 
l a t i o n  of the f l u x  d i s t r i b u t i o n  w i t h  t h e  experimental  and c-18 
ca lcu la t ion .  Only 1400 h i s t o r i e s  were run f o r  the COHORT problem, 
so  that the  results were not expected t o  agree any bet ter  than the 
agreement obtained. 
There was some d i f f i c u l t y  i n  obta in ing  t h e  proper  source term 
for t h e  c a l c u l a t i o n s ,  and t h e  one now being used i s  no t  completely 
r e l i a b l e .  Reference 5 quotes a source term of 370 neutrons p e r  
second p e r  wat t  i n c i d e n t  upon t h e  slab, but a comparison of t h e  c-18 
ca lcu la t ed  da ta  w i t h  experimental data shows t h a t  t h e  flux above 2.9 
MeV i nc iden t  upon the slab was 370 neutrons/sec-watt. A quick check 
of the source spectrum (Fig. 6 )  w i l l  show that one t h i r d  of the i n i -  
t i a l  f l u x  inc iden t  upon the slab i s  between 1.5 and 2.9 MeV.  (The 
i n i t i a l  spectrum f o r  the  c-18 c a l c u l a t i o n  ranged from 1.5 t o  10 M e V . )  
The COHORT c a l c u l a t i o n s  i n  Figure 5 were m u l t i p l i e d  by 555 neutrons/ 
sec-watt, which was t h e  ca lcu la ted  t o t a l  source term, assuming t h a t  
the source term f o r  t h e  i n i t i a l  f l u x  above 2.9 Mev w a s  370 neutrons/ 
sec-watt. The two ca l cu la t ions  agree very w e l l  f o r  about the f irst  four 
12 
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, 
i nches  i n t o  the  slab, and then t h e  COHORT r e s u l t s  drop o f f  more 
r a p i d l y  than t h e  c-18 ca l cu la t ion .  
number of h i s t o r i e s  run  on t h e  COHORT codes or poss ib ly  t o  the 
fac t  t h a t  no b i a s ing  was performed t o  improve the samping i n  t h i s  
p o r t i o n  of the slab. B o t h  c a l c u l a t i o n s  under-predict  t he  exper i -  
mental  p o i n t s  a t  the s lab entrance,  and t h i s  may be due t o  an i m -  
p ~ u p c - ~ . L y  G G L A k , &  SGWCS tern. It is  to be noted that i f  tne two 
c a l c u l a t i o n s  were normalized t o  the  measured po in t  a t  the ze ro  
th ickness ,  the COHORT da t a  would f i t  the  experiment p o i n t s  about 
a s  we l l  a s  t h e  c-18 data .  
T h i s  may be due t o  the  small 
nnnr?n.nlw n P 4  .nr* 
I n  a d d i t i o n  t o  a c a l c u l a t i n g  of t h e  f lux d i s t r i b u t i o n  wi th in  
the  9-inch polyethylene slab, t h e  angular  d i s t r i b u t i o n  of the doire 
r a t e s  leak ing  from the  slab were a l s o  determined. The angular  
d i s t r i b u t i o n  of t h e  dose rates were determined by measuring and 
* 
c a l c u l a t i n g  the dose rates a t  s e v e r a l  p o i n t s  on a r ad ius  192 
inches from the c e n t e r  of t h e  o u t e r  slab face.  Figure 7 shows 
comparisons of t he  dose r a t e s  determined along t h e  192-inch r a d i u s  
for two COHORT c a l c u l a t i o n s  w i t h  a c-18 c a l c u l a t i o n  t h a t  was re- 
ported t o  have accu ra t e ly  predicted t h e  experimental da ta . (Ref .  
5 ) .  
f e r e n t  c a l c u l a t i o n s  made w i t h  tb COHORT codes.. The dashed curve 
w a s  drawn through a se t  of f i v e  poin ts , t l aa t  represent  t he  
The dashed curve and t h e  histogram i n  Figure 7 are  two d i f -  
dose rates ca l cu la t ed  a t  each of f i v e  d e t e c t o r s  loca ted  on the 
192-inch r ad ius  a t  angles  of 0, 10, 25, 35, and 45 degrees. The 
histogram represents the  dose r a t e s  obtained on t h e  assumption 
tha t  a l l  t h e  f l u x  leaking  through t h e  slab appeared t o  be coming 
through a t  a s i n g l e  poin t .  Thus, t h e  dose rate f o r  a d e t e c t o r  of 
* 
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u n i t  a r ea  loca ted  192 inches away was obtained by mul t ip ly ing  
t h e  dose rate p e r  s t e rad ian  l eak ing  through the s lab by the s o l i d  
ang le  subtended by t h e  de t ec to r .  
t h e  C - 1 8  code were obtained i n  l i k e  manner, s ince  the c-18 code 
also g ives  t h e  f l u x  o r  number cu r ren t  a t  the o u t e r  f a c e  cf t h e  
s lab 
The dose rates ca l cu la t ed  w i t h  
 he COHORT e a t i ~ r ~ e ~ e z  f a c t o r  of 2 1c.6er than  t h e  C-18 r e s u l t s  
andarenormal ized  t o  t h e  c-18 data a t  zero degrees. The same nor- 
mal iz ing f a c t o r  was used f o r  both sets of COHORT ca l cu la t ions ,  so 
t h a t  a d i r e c t  comparison between the  t w o  COHORT c a l c u l a t i o n s  may 
be made. The f a c t  t h a t  t h e  COHORT da ta  were a f a c t o r  of 2 lower 
than the C - 1 8  c a l c u l a t i o n  i s  no t  s u r p r i s i n g  when one r e a l i z e s  
that  i n  p r e d i c t i n g  t h e  d i s t r i b u t i o n  of t h e  f l u x  wi th in  t h e  s l ab ,  
the  COHORT pred ic t ion  was lower  by almost a f a c t o r  of 2 n e a r  the 
o u t e r  edge of the slab,  Aside from the magnitude, t h e  s c a t t e r e d  
dose-rate  curves ca l cu la t ed  w i t h  t he  COHORT codes agree very w e l l  
i n  shape,not only w i t h  each o t h e r  'out w i t h  t h e  c-18 r e s u l t s .  
There i s  some ques t ion  about t h e  true source term t h a t  should 
be used f o r  t hese  ca l cu la t ions .  It i s  f e l t  that there i s  not  suf- 
f i c i e n t  evidence t o  prove the COHORT c a l c u l a t i o n s  e i ther  r i g h t  o r  
wrong w i t h  the present  data .  
COHORT codes i n  f u t u r e  work, and i f  t h e r e  should be any e r r o r s  
de tec ted  i n  the  codes, co r rec t ions  w i l l  be made and n o t i f i c a t i o n  
of these c o r r e c t i o n s  w i l l  be s e n t  t o  MSFC. 
General Dynamics w i l l  be us ing  the 
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111, CALCULATIONS FOR NERVA-TYPE GEOMETRY 
J 
An a n a l y s i s  of the  neutron and gamma-ray fluxes l eak ing  from 
a NERVA-type engine was intended t o  provide da ta  t o  support  the 
conten t ion  that t h e  COHORT procedure w i l l  a ccu ra t e ly  p r e d i c t  the 
r a d i a t i o n  through the  complex geometries a s soc ia t ed  w i t h  the 
design cf nuclear rockets. 
codes was not  completed as e a r l y  a s  previously planned, and a 
Unfortunately,  checkout of the COiORT 
thorough analysis of the  flux leakages from a NERVA-type engine 
was not  poss ib l e  i n  t he  time remaining a f t e r  t he  completion of 
t h e  checkout of t h e  codes. Much of the preparatory work f o r  the 
a n a l y s i s  of a NERVA-type engine was completed, however, and tha t  
information w i l l  be ava i l ab le  i f  the need a r i s e s  f o r  a c a l c u l a t i o n  
of the f lux leakages f r o m  t h e  NERVA engine. 
Geometry and cross -sec t ion  data i n  the form required by the 
COHORT codes are on IBM cards a t  the Computations Laboratory ( B l d g  
4653), George C. Marshall Space F l i g h t  Center, Huntsv i l le ,  Alabama. 
The gamma-ray c r o s s  sec t ions  and t h e  geometry d e s c r i p t i o n  a r e  
contained i n  t h e  History-Generator Code problem deck labe led  
H019303, and the  neutron cross s e c t i o n s  and angular  p r o b a b i l i t y  
t a b l e s  are contained i n  the deck labeled H019293. The c ross  sec- 
t i o n s  a v a i l a b l e  a r e  those f o r  the  main elements t ha t  are contained 
i n  t h e  materials composing the NERVA engine. Total ,  s c a t t e r i n g ,  
and e l a s t i c  c ros s  s e c t i o n s  f o r  neutrons and t o t a l ,  pair-production 
p l u s  Compton, and Compton cross  s e c t i o n s  were tabula ted  f o r  ene rg ie s  
ranging from 0,2 t o  10 Mev,for each of the  fo l lowing  elements: 
18 
hydrogen, l i t h i u m ,  beryllium, carbon, aluminum, t i tanium, i ron ,  
and uranium, The neutron cross  s e c t i o n s  f o r  carbon and bery l -  
l i u m  were taken from Reference 6. Neutron c ross  s e c t i o n s  f o r  
i r o n  and aluminum were taken from Reference 7. Lithium c ross  
s e c t i o n s  were taken from Reference 8. The Legendre expansion 
c o e f f i c i e n t s  for the angular  d i s t r i b u t i o n s  of the e l a s t i c a l l y  
s c a t t e r e d  neutrons were nbt=liced f o r  e2ch of the abclve elements 
from the r e spec t ive  re ferences  and have been converted t o  angular  
c u m l a t i v e  p r o b a b i l i t y  d i s t r i b u t i o n  tables of the form required 
by t h e  COHORT codes. Neutron t o t a l ,  s c a t t e r i n g ,  and e l a s t i c  c r o s s  
s e c t i o n s  f o r  hydrogen, t i tanium, and uranium were obtained from 
Reference 9.- The angular  d i s t r i b u t i o n  f o r  the e l a s t i c a l l y  sca t -  
tered neutrons from these elements were considered i s o t r o p i c  i n  
t h e  center-of-mass system f o r  the NERVA t e s t  problems run thus 
f a r .  T h i s  assumption was made f o r  t i t an ium and uranium simply 
because d i f f e r e n t i a l  e l a s t i c  c r o s s  s e c t i o n s  were not  a v a i l a b l e  
a t  the time the  NERVA t e s t  problems were made out and because i t  
was concluded that these  two elements were not  p re sen t  i n  suff i -  
c i e n t  quan t i ty  that  the i r  angular  s c a t t e r i n g  p r o b a b i l i t i e s  would 
have a determining e f f e c t  on the  dose rates leaking  f r o m  the 
r e a c t o r  . 
The p r o b a b i l i t i e s  of e x c i t i n g  the nuc le i  t o  the  va r ious  
l e v e l s  were not  r e a d i l y  obta inable  f o r  a l l  the elements. For 
beryll ium, carbon, and l i th ium the assumption was made that  a l l  
i n e l a s t i c  s c a t t e r i n g  would e x c i t e  the f i r s t  l e v e l  of tk t a r g e t  
nucleus.  Titanium w a s  assumed t o  have t h e  same e x c i t a t i o n  l e v e l s  
and the same p r o b a b i l i t y  of e x c i t i n g  those l e v e l s  as does i ron ,  
and it was assumed tha t  there  was no i n e l a s t i c  s c a t t e r i n g  w i t h  
t h e  uranium, 
problem might be run t o  check t h e  po r t ions  of the code that read 
i n  the l i b r a r y  rather than provide accurate results. 
These assumptions were made i n  o rde r  tha t  a neutron 
The geometry f o r  a NERVA-type engine was described similar 
t o  the  Ca lcu la t iona l  Model i n  Reference 2. 
u i l ~  b u ~ ~ ~ e  of s e t t i n g  Up tiie complex geometry that extreme c a r e  
It was l earned  during 
4-I.- .-he.-” 
must be exerc ised  i n  t h e  geometric d e s c r i p t i o n  so  t h a t  no undefined 
reg ions  e x i s t  i n  the geometry, 
the  geometry f o r  t h e  COHORT c a l c u l a t i o n  were thoroughly familiar 
w i t h  the requirements and r e s t r i c t i o n s  placed upon the geometry 
desc r ip t ions ,  s e v e r a l  a t t e m p t s  were made before  the  geornetry w a s  
success fu l ly  described. Even though the COHORT codes o f f e r  tre- 
mendous p o s s i b i l i t i e s  i n  geometry desc r ip t ion ,  it would be advis-  
able t o  always s i m p l i f y  the geometry as much as poss ib l e  before  
t r y i n g  t o  descr ibe  i t .  
Although the persons descr ib ing  
A very rough c a l c u l a t i o n  w a s  made of t h e  s c a t t e r e d  gamma-ray 
fluxes a t  f i v e  p o s i t i o n s  on a radius 900 cent imeters  from the  core 
c e n t e r  of a NERVA-type engine, 
a n a l y s i s  of these data, but a quick comparison w i t h  c a l c u l a t i o n s  
made w i t h  GD/FW1s C-17 code and t h e  Los Alamos Quad code i n d i c a t e s  
that the COHORT data a r e  of the r i g h t  order of magnitude. No 
a t tempt  w i l l  be made t o  complete a more thorough a n a l y s i s  w i t h  the  
p re sen t  data, because of the  f a c t  that these d a t a  were obtained 
during the checkout of t h e  COHORT codes and do no t  o f f e r  a s  good 
s t a t i s t i c s  as  could be obtained i n  a more detai led a n a l y s i s  of 
the f l u x  leakage from the NERVA engine. 
Time d i d  no t  a l low a complete 
20 
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Possibly the  g r e a t e s t  advantage t h a t  the COHORT codes hold 
over  s i m i l a r  flexible-geometry Monte Carlo codes i s  that  t h e  
COHORT codes are w r i t t e n  i n  the FORTRAN language. The f a c t  t h a t  
t he  codes are w r i t t e n  i n  FORTRAN language does not  n e c e s s a r i l y  
mir, tha t  they ape b e t t e r  than those written i n  macnine ianguage, 
but i t  does make r e a d i l y  a v a i l a b l e  t o  engineers  and t e c h n i c a l  
. persons having a reading knowledge of t h e  FORTRAN language the 
d e t a i l e d  mechanics of t h e  c a l c u l a t i o n s  performed by t h e  codes. 
A s  one becomes familiar w i t h  the COHORT codes and the  mechanics 
of t h e  c a l c u l a t i o n s  performed, he w i l l  probably tend t o  modify 
t h e  codes t o  improve t h e i r  a p p l i c a t i o n  t o  a p a r t i c u l a r  problem o r  
t o  use c e r t a i n  of t h e  subrout ines  i n  the COHORT codes as subrout ines  
i n  the  development of newer codes. 
There a r e  two recommended a d d i t i o n s  t o  the COHORT codes that 
would improve t h e i r  usefu lness  without r equ i r ing  too  much add i -  
t i o n a l  e f f o r t .  These a r e  that provis ion  be made (1) f o r  a means 
of checking t h e  geometry input  and ( 2 )  f o r  a means of c a l c u l a t i n g  
a direct-beam f l u x  a t  those d e t e c t o r  p o s i t i o n s  a t  which t h e  sca t -  
tered fluxes are ca l cu la t ed  w i t h  the Analysis Code, A 0 1 ,  It is  
poss ib l e  t ha t  an a d d i t i o n a l  code might  be developed tha t  would 
f u l f i l l  both of t hese  recommendations, 
F i r s t ,  a code t h a t  would c a l c u l a t e  the direct-beam fluxes could 
be c rea ted  almost -- i n  t o t o  by l i f t i n g  the  necessary subrout ines  from 
the Analysis Code, A 0 1 ,  and by s u b s t i t u t i n g  as input  a source t ape  
r a t h e r  than a h i s t o r y  t a p e ,  I n  add i t ion ,  an  opt ion  could be pro- 
vided t h a t  would p r i n t  t h e  thicknesses  through each reg ion  measured 
21 
a long  l i n e s  j o i n i n g  a source po in t  w i t h  each of the d e t e c t o r  p o i n t s  
and thus provide a means of checking the geometry inpu t  for a 
problem. 
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